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NEY&DLE STATIC= PRhE'SS LJRE PROBIES IMS ENITTISLVE TO
FLOW INCLINATION EN SUJ,!RLICNIC AIR S' REM$

Pre pared by:

L. W. Walter skd E. J. Redman

ASiSTRACT: Tests were made to develop small static pressure
n•edie-probes insensitive to flow inclination in a two-
0;m5nsional supersonic flow. A probe configuration waz
-ibteined which could be used to ieaasresatatic i .p.rsure
within *2% at angles ofeattaok from -80 to +160 at Mach
number 1.5 and from -4o to +It at Macn numInor 2.-. Assuming
that the flow can be resolved into independent. a.ial and
transverbe components, agreement between the pressure varia-
tion predicted using data tuken with cylinders transverse to
tho flow and the pressure variation versus angle of attack
measured with the probes was obtained.
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Thii report contains Information of Jrnportrnoe to worn-ers wo
must measure static pressures in sip:,rsonio bi.r. streams, The
experimental data were obtained during iecebber 1.953, January
'954, and February 1954 Ti thi1 12x12 cm nrophyslcs Wix.,A
Tunnel No. 6 and the 15 x 18 cm- Ae-ophyaics Wind Tunnel No. 3
at the U. cS, Naval Ordnance laboratory. This work wa'3 sponsored
by th-e Office of Naval Research WLder Task Number FER-31 (5t)

The authors wish to acknowledge tha work contributed by
UR. tBransom in constructing the static pressure probos.

EDWARID L. WOODYARD
Captain, USN
Commander

H. H. KURZWZEG, Chief
Aerobeltistic Research Department
By direction
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C• angle of atteok of the proba axis. degreee: meaýiur'd i.n .he
plane of symmetry of t' 3 orifJties (see Figure 1.)

Q angle o:! offset of a po-int on the probe from the plane of
symmetry of the orifilces, degrees (see Figure 1)

a--! Ale between the .robe ax..s snd the tnnzamt to thz probe
surface whduh intor'sets t÷I" aI s, degrees

M Mach nunberl of the free-stre-

Me Mach number of th- flow component normal Lo the probe axi-s

P free-stream stotio pressure

-9 stahlto presoirs tin the prb au.r-face

q free-strea- dynamio p9ressure

0 P oreasure coefficient, w -P
a, 9
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NEiJLL STATIC-hfES.ST7-d PROBES INSENSITIVE TO
FLOW INCLINATION It SUPERSONIC AIR STREAMS

T, INCLINATION D.

T NT R 0 L U1j T TON

1. Duriing the course of an investtgation of tte wake behind
a circular cylinder it became necessary to mleasure static
pressures. This task was complicated by th4e inclination of
the air flow ajvd by the Small wldtb of tin viscous bake of the
cylinder (a 1" diameter cyl4nder was used). A dtatic probe
was required that would be small wnough so that it produced
littlis distnrhnnne ot' rha flofw. Tf mst a'~ be h-nsnelt i *e
to flow inclinations for at least moderate angles of inCluifna-
tion, say angles up to 1.00 or lP.

2. 3,veral methods for measuring bota static pressure iznd flow
Inclination exist. These naetlods suffer from sevaal disad-
vantages; the mechanism is usually intricate, the data reduction
is ,latily complicated, anri the pressure sensing elefient !i,
iin general, large. It is the last of t aese disadvantages that
led u! to try some modification of the conventional static
pressure needle probe that would be insensitive to flow
inclination. The needle probe can be made almost as small as
one desires. To this end we have combined the ideas of several
authors.

j- Tme ?4or- uf Jones (reference a) and Alien and Perkins
(reference b) has shown thad the flow about slender axially
symmetric bodies inclined to the air stream can be considered
quite simply. if the angle of inclination is not too large,
the flow can be resolved into two independent streams;
perpendicular to the axis of the body and the other parallel
to it. An expression for the pressure coefficient, C? =
(Pr - P)/q, at any point on the body can then be obtalned in
]iOnsd form if 4 lCOomPrAssiblG potential flow is aa.s-umed. The

pressure coefficient is given as a 1funotion of the angle of
attack, , the azimuthal angle 0 (measured froa the angle of
attack plane) and the axial distance. x (see Apoenaix A).
'This expression shows that for every axial postion, there is
a G fo-" which C is zero independent of the angle oa att&ck.
An orifice locoted at this position should then measure the
true stLati; pre3:SUrO fur 2]] angles of atta•ck.

L. Cooper and Hamilton (rererenc.'cu) have sho~vr that LhiE 13
actualxy the case fur a pr-bolic bodv of revolution at Mach
u?,er2 i,6 !t" t~hn o<e L of ittaoL i> "o too idrge. They

p.cs•, •.d uut.u- s:.i., -. r:uu t c orobes r i sns ns-;itve to !.fIr , rn:
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attaok could also be built by properly chonslhg the angular
pos itjo nf' ti-,e orifice with respect to thc angle of attack
plane.

5. However, An the Mach number range in which the probes are

tN tn nce,!,F a.r' ro w mnnr- nuzmnhr ue = M sin a . reaches

values of 0.g -or the higher angles of attack. Therefore, it
it unr alistic to . . . ...o .. s i. A. . ...... 6LJO.-' .....

he effect ofu . ty becomes important for flow about
- ý - - i- ý- tý- %t.-L -I - *d n ."m

uUL -I AlA fl=W.J t I

comoarison with theory must use a viscous, compressible theory
for tUe transverse flow component. Unfortunately no such
theory exists for the flow about a cylinder.

0. A oensiuettClC amount of experimental information on the
pressure distributions on cylinders in crusa flow, hovever,
does exist. if the assumption that the flow can be resolved
into two independent components is valid, then the pressure
distribution about a cylinder inclined to a flow with Mach
number, -M, should be identical with the experimental pressure
distribution about a cylindar in a cross flow 'with Mach number
Me. The pressure as a funottn of C. for a fixed value of 0
and the free-stream Maoh number can be obtea-± , from the
uxperimental cylinder distributions in this way.

7. Several cone-cylinder probes Love been tested. Two orifice
locations, 9 =330 and 9 520, were used. The enpirical methoc
described above predicted that an orifice location of Q = 33
would be relatively insensitive to angle of attack for M = 2.5;

ti ~~14 a minA ?3AT A-+bnt in n r..nr Ana tv 'i to a

insensitivity to angle of attack for Mach numbers approaching 3
if an orifice location 0 5 5t2 were used. The results of tests
using these orifice locations are described below.

TEST 1-ROCEPURE

8. The tests to be described were carried out in the 12 x 12 cm
and 18 x 18 cm NCL supersonic wind tunnels, Both these tunnels
are biow-down tunnels which can be operated continuously. They
operate with atmospheric supply temperature and pressure for
tasch nu-mbers from 1.6 to 5.0. A detafIed description of both
tunnels is given in reference d.

9. Each probe conjisted of a steel c, copper tube, 0.050" ifn
'di±tr, t itu.eed ý ,ith a con' 8 tube dt meer long (70 vertex

Ungle'. Tvc holcs "1-Pre arlildd radially in the cylindrical
putlori of tAhe rU Thib13 F chaE: the ortftce sýize, -4ngular



tlAVOiD ReporL 3t94.

.sp;aationa of the ori-cac, i enG distance of the orifices from
the 'on? tip for the four probeQ vAi Nerse tested. Sk-etotes
of the probes are shown in Figure 1.

PrrnhV, a nn OZ-'-l -- q Olka

Designation of 0rifioes (20) Size frn1w Caon__e nTip_,

33- short 66 00" 10 diameters
- abort 10" .uij" 10 dtiameters

3Yo long 6 .008" 35 diameters
520 long O 3I -.1 35 diameters

Table I. Features of the Four Probes Tested

10t The probes were "telescoped" through "0"t rings into a
bolder which was rigidly attached to a circular insert. The
insert was mounted in the tunnel side wall replacing one of
the glass windows. The length of the probe was adjusted so
that the orifices fell :n the axis of rotation of the mounted
insert; thus the orifices remained at the same point in the
flow for all angles of unttaeck The e, 9N 9 was set by placing
the orifices so that the angle of attack plane bisected the
line Jointng them; the angle of attack of the probe was varied
by turning the insert through a given angle with respect to
the tunnel axis.

11. There are twc possible errors in the angular measurements
with the probe in the wind tunnel; the error in setting Q and
the error in the angle uf attack caused by bending of the probe.The error in setting 0 Is almost "h-l emvc yhaig"w",y, removea by having two

pressur. e orifices This Is discussed in paragraph 23. The
error inLzoidaed ,by the probe bending at hign anglek of attack
was checked usinL' a transit sighted on the probe through a glass
window In the tunnel side wall. A comparison of thc actual
angle of attack as measured hy the transLt -iU.h tuat ror which
the probe was. set shows a difference of lo in the worst case --
probes having copper shanks: the steel-shnnked prrob nh-'hn

negligible bending. Corrections for bending nave been applied
in coses where neceeasarv.

hkt,UTS AND LISCUSS O.N

12. The.- rastios ofl thl-e --ed..'red staLL.-- Vrr~rs ~ tc't.•
static pressui'e, F, measured ctt z23ro unrle of attack .;•e plotted
In Figures 3 thoauagh b- ns _Nnitions uf Lhe aflg9 .



Teabiu I! givts tLh :nua,•rcd- to supply- pressure ratLos atel-
rnile ni. a•ttac•k for tho probes tested. The st•aibe pressure
bieassured %ith the long probe has here be"tn o.sidUU to ba the
o0rrt Ct101-- st ..at x. .. Tst' truue sCSiiuw that tneh rt-rubos r..... are sligtl yo*. This isshor~ pr bu i! e cp . ....i. Cq) ... jl" _1 •,i. • u ... ...

S.......... ... ........... correct o n a be p .

to thi re-sured Dressurees. The correctiona w-hi.n ,h iwa empiricaliy
determined for the short ),robes is given below.

(PM/iP = .0i49 - .0046M (nere ri can be ,ne aaecn number
corresponding to the measured
value of the stE.tic pressure)

Nominal Mach number 1.5 A 5 2, -3.2
PJ!P0 (long probe) .253 .0604 .0329 ,0197
Pm!PO (short probe) .246 .0582 .0306 .0185

Patio of static pressures maeasured by the probes at zero angie
of attack to the supply pressure for the MJach numbers used.

13, If an error of 1 percent or 2 percent is permissible in
the static pressure measurement, then the curves show that
either he.- short or the lone probe with hole separations, 29
can be used in the range M = 1.5 throug rh- = 2.5 for a relatively
wide range of positive .M. at V = 1.5 both probes read the
st-tiLc pressurs to within 2 percent for C up to +160. At

= 259, the maxi mum perrmissib le c. hbs denrenased to 502 The
short probe with a hole se.par.ato.•i. 20 = 104 , however, gives
tnh Static pressure to within 2 percent for cr. up to +110 for
M = 2.9. Figure 7 shows the angle of attack range of each
probe for a g.iven percentage devistion (I percent to 2 percent)
from the pressure at OL 0.

i4. lt is apparent from tne above curves tnat neither value for
the bole separation, 20, works for all the Manh numbers. For
9 = 33�, the lung p-cobe is relatively insensitive to aflal3 of
attack in the low and intermediate Mach nuiaber range; the 3hort

irobe wit-h Q = 52° is reiatively insensitive to angle of attack
t o.-r Maih otnmbers bt;een 2.9 -nei 3.3.

i. jhH pressure as a function of ar-te of atteacr is untsrfff-.e tr.
'.. .. th v.,,-t. to. !:ott ..... , ns t~ v-•• e valdcn ' -hus, •he

, -). . . r, b. . . .. ,. r :.. b ",rI......ir,-r two ... . ...r holes 1 C 0 from
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the original hole9z This ý%.E& be zeen by avsr.•ilnc Jie meosured
ipres9Lires "or t-no values of OL t~hiL differ In sign only. Such
a nrroe,.dure would decrease considerably the range of positive

a for which the probe ia goc- without; mater-illy i.n.rea.ing
t~hA n•r•t.Ve.range uf . This also meons that a rough idea
of the flow .ir c . . ..nn is .... thw; nrr_ h .. e

used with complete confidence.

Coup0Uaraso with Thneory

16. We have used the experimental pressure distributions about
cylinders of Cowan and Perkins (reference e) to obtain pressure
vs. angle of attack c-unves for the an"1es 0 = 3-00, 330 and S20
usilsy the method described in tih intraodut ion. -•b•eo "urves
together with our experimental points Lre shown in Figures 8
through 11 for both long and short probes at M * 1.57 and
M = 2.92. The curves for the remaining ach. numbers are similar.
The Q -= 300 curve in the figures shouWs te d ifferAce between
the curves obtained from the experimental values of reference a
and Pm/P 1 1, the value predicted by potential theory for

= 30Q.

17. The agreement between the pressure distributions for the
long probes and the distributions derived from the data of
Gowen and Perkins is quite good (see Figures 9 and 11). The
largest deviation occurs at M s2.9 for negative C. A turbulent
cross flow boundary layer could be the cause of this aisagreement.
The NACA data used in plotting the curves were for a lamn-
boundary lCyer about a cylinder. For positive CL and for 9 less
than 750, the pressure as a function of w is nearly the ssme
for either laminer or turbulent boundary layer. Since to our
Knowledge there exist no pressure distributions at the required
Ma"ch numbers for turbulent boundary layer about the cyliader,
it was not. ossibh1.. to Co0prc; this cause witn tne probe pressure
distributions for neigatrive CE., ., for Q 754,

18- We haye dci : copared the pressure distributions for the
short probes wit•h t%.h, empirical method descaibed ubove. Figures
8 and 10 show the resut r1 fi Cp n0p T, ....... "i
noL neerly so good as for the long urobesi This, however, nauzt
be exoected. f.A cIrn- i 21n-te -iewi inclinen t.n the flo"o,

_I,- --7, some reseiluudnc:. to a cylinder started
i.poul41vovy frorm reot in a direction perpendicular to ita axiw.
The development of the cross flow cbout the Inclined oy1fnd:--
as a function o.' axali distano1 _if roughly eomearablo with the
Jevtonent or" the flow :-; b fnc.-n r% ti ... o cylInder
ptartedJ 1mouu.isive.lv.. from ,.s (ruffer en c h rdi _f Fr
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l~arge ax'.al dist'ýncas or for lon- timeus thu cross f)oi -will
wt'6 'ti -~(tt?-a stnte. chaao-eitr; Whe .rsirt lire

di:neppeared. The shnet probe resuitat nt.
atzietly compurabule v~ith the sts~udy e'tate NACA, cylinde'r data

__n~ h~ ~ lovj~re~tia-Y has note had Lime to assum t

2'.9. The nreemsnt of r~ bpietlrs~svtl ~e
.amp.-In--.1 thecory oen be u;sed to obttain ap t.st met of the
StaticO pressurts um kfwt 1Of Cagle C f attc kfor n1nhAR

with any given value for Q. Figure 12, 'for example, shows
the Prediated varltio ofl Of ressure with a for Q 400. This
probe coofiguretioi.i appears to be somewhaet superior to thtit
for. wahich Q 33' if 2 percent error in static pressure 4s
permissible. The latter, huvever, givea t-he pressure within
1 Pa~oent for a w~der range of OL Beoaus'i of the large
orifice size (with raepeot to probe, diameter) on the experi-
mental needle-probea, we do not thi.nk that a probe witb
dimensions simLlar to those used here but with 9 - 400 would,
in practice, give any greater iasonsitivity to angla of attack
(860 par-agraphs 92,66 3,d 23 below).

Rsynol~ds Number Elfects

* 20.In the comparisons desorlbad above, the Reynoldc ntmbers
of the probes and those of the cylinders in cross fliow %ere
vary different. The method oan, nonetheless; bo used because
the pressure distriLbution about cylipders is little affected

* by ReynoldE number vur-iatiun 'if th-e -bouadsry 1ioyer on the
Cylinder is laminar; Lhe oaly paea- .1%;e
distribution '&. the MPch number't. If the Reynolds nunaber is
high enough so t~hat transition to a turbulent boundary layer
uccurs, t'a surface pressure distributio.n vaith the tu~rbulent

bouday ayr s er dfferent 'from the laminar case. How-
ever, tfansitilon occurs only for r& ̀m 750 and thus only the
negative values oýL M. are affected.

E~ffect. of Axial Looation of 1Pressure Orifices

2_1z W~ have also measured the Static pressure on the. probe
surface aG a fanction of Exial froma tbhe iinuIalor fnr

O. 0 The rt;5otVA of these mtý5ýurements are shiown i,.n
Flig~re 13. -The aw2,vtis show Lhat, I.f the orificesar~e !L--ete~.
10 di~arniT:t,,rs from the sbouldez. tiita prossure obtainod, --Ill be
the triuo Static pressure 'for Atrl", xdý.zL sý~~ ~~ Thio g~
i-itjn Lne rjsu~t_- of Hzplder -tA ai. xý ~ ,~ peer-formed
s Li L7.2 tests uS Og ivali-nosed Pro-D t,
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-i£fect of Crifioe Size end Alignwent

22. The Dressure orifia- are lsrge in reletton to the needle
f...l_ t0e t4o '-[.-a', u"ed '.000", aid .U33 dia-etec

ourrespocnd to 1±° and 37 ci arc- Tbfus. Ln pr_-su_5Lrnn Unl.Mincd
are averages over these es. However, ths pressure Nill b--
the pressure that corresponds to a given Q if the pressure
4f6&ribuLion is linear In th,3 region covered by t'>e orJa'ice.
This Is very nearly so on ay..iders in cross flow in the region
Q a 200 to r a600. On tbis basis, the tote size is not
lmportant as long as it douea not enter tho nonlinear regions
or cause local flow disturbances.

23. The linearity mentioned above and the use of two symmetri-
cally placsd orifices should remove errors due to small
misalignmentB in setting the angle Q when the probe is placed
in the tunnel. If the angle 9, as set, is a litle iln error,
then one of tah orifices has as much positive error of miselign-
ment as the other has negative. Those two errors should average
out if the arcs subtended by the orifices remain in the linear
part of the pressure distribution.

CONCLUSIONS

24. Cone cylinder needle probes h"va been built which give the
free-stream static pressure within 2 percent foxr angles of
attack up to plus 16 for -ach number 1.5 and fo-r engles nf
attack up to plus 120 for Mach number 2.5 when the angle of
yaw is zero.

25. The flow about such probes can oe treated by resolving the
flow velocity into an Lilal and transverse component and treating
the two components as independent.

26. The effect of Reynolds number is negligible except for
ne.a. va angles or attack (provided that the toundary layer

27. Ar rte1otInes dcctr m±ti buldfprovari sficient to insure ctrnni,.b pr".o nsure recovery "with a
-one langth orf diameterd an0 for Mc numbers 1.5 $ M • 2.9.

(
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1. Mie.on and Perkin.s sh.ow that if thi body 15 "slender enough."
f 0h 1 4,n '..: A -. I - -n.ln.-%t4 v . n.e n . -- - -

ea q i JIL ut61nLtude to the free-stream velocity, the pressll'i
czol-tA. A r• •ainy , oInt on the body surface is given by:

Up L k1b1I 4 in 2cC. 41--4 sn-; n ) sin-Am +Up, Al0

vhere C. it the angle between the air stream and the axis of
symmetry of tUhE body, 9 is the angular disýance of a point on
the body out of' the plane in which C is measured,4o is the
8aI21e formed by thn intArSetiofn o'f the tangent to the body at
the point in question with the axis of symmetry, and Cp is the
pressure coefficient PM P

q

2. If the first two terms on the right-hand side of equation
(Al) are set equal tto zero, b relatAon between ML and Q results
for which C cQuals the pressure coefficient at zero angle of

t 46 k C p A
attack, CpI•.

3. The angle 9 that satisfies this oondition for all M is 30*.
To other values of 9 for which Cp Cp],.o, there correspond

two and only two values of CC for a given angle/"

L. Let ak nnom nodl prb nhc es a1 slede cone-C

cylinder. With the pressure or-ifice located on the cylindrical
portion of the body tanq3 t0, so that the first term on tbe
right side of equation tAl) is zero. Thus: if the orifice is
locoted 30* out of tie angle of attack plane (Q = 300) we find

- Cpo for ails ; i.a., phe probe is insensitive to

angle of attack. This prediction is true as long as the physical
f11,v field Is approximately potential flow and the probe is
olender.
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